INTRODUCTION
The transmissible spongiform encephalopathies or prion diseases are a group of rare fatal neurodegenerative disorders which occur as sporadic, familial and acquired diseases. 1 The commonest of these disorders is the sporadic form of Creutzfeldt-Jakob disease (CJD), which is a worldwide disorder with a relatively uniform incidence of around one patient per million population per annum. 2 These disorders, and the related animal diseases scrapie and bovine spongiform encephalopathy (BSE), are transmissible under both natural and experimental conditions, but the precise nature of the infective agent is uncertain. There is increasing evidence to support the prion hypothesis, which predicts that the agent is composed of a modified host-encoded protein, prion protein. 1 The normal form of the prion protein, PrP C , is expressed at highest levels in neurones of the central nervous system, but has been detected in a wide range of other tissues. 1 The disease-associated isoform, PrP Sc , accumulates in the brain in all forms of prion disease and its presence is pathognomonic of these disorders. 1 PrP Sc has the same amino acid sequence as PrP C , but differs in its conformation, possessing a higher ß-sheet content, and existing in an aggregated state, which confers resistance to proteolytic cleavage. 3 This property is exploited diagnostically; since none of the currently available antibodies to prion protein reliably distinguish PrP Sc from PrP C , limited proteolytic digestion is employed to generate a protease-resistant cleavage product from PrP Sc , named PrP res , under conditions in which PrP C is totally degraded. 1, 4 The detection of PrP res by Western blot analysis, PET blot or immunohistochemistry is a convenient marker of prion disease infectivity in tissues that can be used to inform risk assessment. 4, 5 Interest in prion diseases has been stimulated in recent decades by the emergence of BSE as an epidemic in UK cattle, and the occurrence of BSE-related disorders in other species. 1, 6, 7 In 1996, the National Creutzfeldt-Jakob Disease Surveillance Unit in the UK identified a new form of human prion disease, now termed variant CJD. 8 Since then, substantial experimental evidence has indicated that variant CJD is caused by exposure to the BSE agent, most likely by the oral route through the consumption of BSE-contaminated meat products. 9, 10, 11, 12 In most forms of human prion disease, the accumulation of PrP res is confined to the central nervous system and retina. 13, 14 However, the accumulation of PrP res in variant CJD tissues is more widespread than in sporadic CJD, 4, 5, 13, 15 suggesting a greater potential risk of secondary disease transmission by contaminated surgical instruments since prion infectivity is notoriously resistant to standard forms of decontamination. 16, 17, 18 Although there is little evidence to suggest that dental surgery is a risk factor for sporadic or iatrogenic forms of CJD, 2,19 the potential risk of secondary transmission of variant CJD posed by dentistry is currently unknown. 17, 18 Infectivity in dental tissues has been described in a rodent model of scrapie, 20 and experimental inoculation of infected brain homogenate into the tongue and into dental pulp appears to be an efficient route of neuroinvasion. 21 However, PrP res was undetectable in dental pulp samples from patients with sporadic CJD. 22 Here we use Western blot, PET blot and immunohistochemical analysis of a range of oral
• Previous studies have indicated that dental surgery is not a risk factor for sporadic CJD, but in variant CJD the tissue distribution of infectivity is much wider, raising concerns over transmission via dental surgical instruments.
• A range of dental tissues were studied for the presence of the abnormal form of the prion protein, using a combination of immunohistochemistry and a sensitive Western blot assay.
• Abnormal prion protein was detected in the trigeminal ganglia, tonsil and lymph nodes in variant CJD but not in sporadic CJD cases. Alveolar nerves, gingiva, dental pulp, tongue and salivary gland tissue were negative in all cases. Lymphoid tissues (including tonsil) were negative in sporadic CJD.
• Since the presence of the abnormal form of the prion protein is associated with infectivity, these findings indicate that the highest levels of infectivity in dental tissues are likely to be found in the tonsil and associated lymphoid tissues. This does not exclude the presence of lower levels of infectivity in the negative tissues in our study.
• These new findings will be of use to inform the risk assessment on dental tissues and variant CJD.
I N B R I E F
and dental tissues taken at autopsy from patients with variant CJD for the presence of PrP res in order to determine whether this disease might pose a greater risk of secondary transmission by dental procedures than other forms of CJD.
MATERIALS AND METHODS
Tissues were obtained at autopsy from five cases of variant CJD (three males, two females, age range at death 26-53 years, duration of illness 7-18 months), one case of sporadic CJD ( female, age at death 72 years and duration of illness two months, subtype VV2) and a single case of Lewy body dementia (used as a negative control for prion disease), where permission for research and retention of tissues had been obtained. LREC approval had been obtained for research on autopsy tissues on patients with CJD. The diagnosis was confirmed by neuropathological examination of the brain, and by Western blotting for PrP res in the brain. All cases of variant CJD showed PrP res accumulation in lymphoid tissues throughout the body (including cervical and submandibular nodes). The tissues sampled included brain, tonsil, tongue (full thickness, anterior and posterior regions), submandibular and parotid salivary glands (without lymph nodes), trigeminal ganglia, alveolar nerve (maxillary division) and inferior alveolar nerve, dental pulp and gingiva; not all tissues were available from each case. Dental pulp was obtained from non-restored molars from the lower mandible. Gingival tissue samples included both free and attached gingiva from the lower mandible. Tissues for Western blot analysis were snap frozen in liquid nitrogen at the time of autopsy. Tissues for histology were fixed in 10% buffered formalin for up to ten days following autopsy; these were immersed in 96% formic acid for one hour (to reduce infectivity in the tissue block) prior to washing and routine processing into paraffin wax.
Immunohistochemistry and PET blot
PrP res detection was performed on sections of formalin fixed, formic acid treated tissue by immunohistochemistry and the PET blot method. Paraffin sections of 5 µm were mounted on Superfrost plus slides (BDH) for immunohistochemistry and on nitrocellulose membrane (Bio-Rad) for PET blotting. Sections mounted on nitrocellulose were de-waxed and washed in TBST (10 mM Tris HCl pH 7.8, 100 mM NaCl, 0.05% Tween 20) . After an overnight digestion in proteinase K (25 µg ml -1 ) at 55°C, digestion was terminated and protein denatured by immersing in 3M guanidine isothiocyanate for 10 mins. After washing in TBST, membranes were blocked with caesin before incubating in the primary antibody 3F4 (Dako) diluted 1/500 in blocking solution for two hours. Labelling was completed using a Vectastain ABCAmplification detection system (Vector Laboratories). Labelling was visualised using NBT/BCIP (5-bromo-4-chloro-3 indolyl phosphate/ nitroblue tetrazolium) and observed using a stereomicroscope.
PrP res immunolabelling was carried out using the mouse monoclonal antibody, KG9 (Institute for Animal Health, Compton) in combination with a catalysed signal amplification kit (CSA) (Dako), in a protocol that distinguishes PrP res from PrP c . Briefly, after taking down to water, sections were pre-treated with a combination of hydrated autoclaving at 121°C for 10 mins, immersion in 96% formic acid for 5 mins and digestion with proteinase K at 100g ml -1 for 5 mins. After blocking with normal rabbit serum, non-specific binding of avidin and biotin was blocked using an avidin/biotin blocking kit (Vector Laboratories), before incubating in the primary antibody KG9 at 1/20,000 for 1 hour. Immunolabelling was completed using the CSA amplification kit, which is superior in terms of sensitivity to most other immunohistochemistry detection systems. 23 Labelling was visualised using diaminobenzidene.
Western blot
Western blot analysis was carried out according to our previously published methods. 4 Briefly, the low speed supernatant of a 10% (w/v) non-ionic detergent extract of frozen tissues was treated with proteinase K at 50 µg ml -1 for 1 hour at 37°C. Brain tissue (frontal cortex) was analysed without further treatment. The PrP res in dental tissues was first concentrated by centrifugation at 21,000 G for 1 hour at 4°C using the method of Lee et al. 24 Pellets were dissolved in SDS-PAGE sample buffer and electrophoresed through 12% T SDS-PAGE minigels (Bio-Rad). Separated proteins were transferred using a semi-dry blotter (Bio-Rad) to Hybond-P membranes (Amersham Pharmacia Biotechnology). Detection employed the monoclonal antibody 3F4 (Dako) at 100 ng ml -1 IgG, horseradish peroxidase-conjugated anti-mouse antibody (generously provided by Diagnostics Scotland), ECL Plus and ECL Hyperfilm (both from Amersham Pharmacia Biotechnology).
RESULTS
The results are summarised in Table 1 . Western blotting resolves the protease-resistant core of PrP Sc into three bands corresponding to di-, mono, and non-glycosylated PrP res . 4 PrP res is abundant in variant CJD brain samples but undetectable in concentrated gingiva (0/3), dental pulp (0/2) and alveolar nerve (0/2) samples from the three cases of variant CJD examined. The detection of PrP res in a 1/5th dilution of a brain extract and the absence of signal from 20 fold concentrates of dental tissues suggests that PrP res , if present in these dental tissues, must be at a level less than 100 times that found in corresponding grey matter enriched brain samples (Fig. 1a) . A second experiment using a larger amount (100 mg) of the most abundant dental tissue sample (gingiva) suggests that for this tissue the possible upper limit of PrP res accumulation is less than 1,000 times that found in the brain (Figs 1b and 1c) . PrP res was not detectable in the only available dental tissue (gingiva) from another case of variant CJD; however, PrP res was detectable in samples of trigeminal ganglion and tonsil from this case when concentrated by an equivalent amount (Figs 2a and 2b) . A third case of variant CJD had available samples of gingiva, dental pulp and alveolar nerve and these too proved to be negative for PrP res by Western blot (Fig. 3) . Submandibular salivary gland tissue from two of these cases of variant CJD were also examined along with similar tissue from two further cases of variant CJD, a case of sporadic CJD and a case of Lewy body dementia. Each salivary gland sample was concentrated by a factor of 40 but in none of these was PrP res detectable (data not shown). Where possible, larger volumes of salivary gland extract were also concentrated, but these too proved negative.
Heavy deposits of PrP res were detected within brain tissue from sporadic and variant CJD cases, included as positive control material, using both immunohistochemistry and the PET blot 
DISCUSSION
Our studies have failed to detect PrP res in a series of dental tissues in patients with variant CJD apart from the tonsils, which were positive in all cases. The routine limits of detection of the assay suggest that if present PrP res must in all cases be at a level less than 1% of that found in brain. In certain samples of gingiva and salivary gland this upper limit can be further reduced to 1/1,000 of the level found in brain. In keeping with these findings, the method. In the dental tissue from three variant CJD patients, PrP res was not detected using either the highly sensitive immunohistochemistry method or the PET blot technique (Table  1 and Fig. 4 ). Salivary glands from these three cases were also examined using both immunodetection methods along with salivary glands from one further variant CJD case and a case of sporadic CJD. PrP res was not detected within the submandibular or parotid salivary gland in any of these cases in either serous or mucinous acini, or in ducts. Parotid lymph nodes were not examined, but submandibular and cervical lymph nodes from the variant CJD cases contained PrP res on immunocytochemistry. In each of the four variant CJD cases and the one sporadic CJD case, intense labelling for PrP res was observed within the ganglion cells of the trigeminal ganglia using immunohistochemistry (Fig.  4) . The intensity of the labelling varied from cell to cell, but was present throughout all areas of the ganglion. The PET blot method was not carried out on these tissues. As expected, a trigeminal ganglion from a case of Lewy body disease showed no PrP res within the ganglion cells. B r a i n P u l p ( x 4 0 ) B r a i n G i n g i v a ( x 4 0 ) B r a i n N e r v e ( x 4 0 ) B r a i n two PrP res immunodetection methods for PrP res failed to demonstrate any evidence of PrP res accumulation in gingiva, dental pulp and alveolar nerve in two cases of variant CJD, even when the trigeminal ganglia (which innervates gum and dental pulp) were positive. Salivary glands from variant and sporadic CJD cases showed no detectable levels of PrP res . While these findings certainly offer a degree of reassurance with respect to the possible upper limit of any infectivity present in dental tissues in patients with vCJD, two important caveats should be borne in mind. First, no assay for PrP res has yet achieved the sensitivity of animal transmission studies in detection of the agent. Second, the exact relationship between infectivity and PrP res , as detected in assays such as these, remains a matter of some debate. Hence significant infectivity might yet be present in tissues where current techniques fail to detect PrP res . Infectivity in lymphoid tissues in variant CJD is likely to be present in asymptomatic carriers who have been exposed to BSE for some considerable time before the onset of a neurological illness. 15 PrP res was detected by immunocytochemistry in appendicectomy specimens which were removed 8 months and 2 years prior to the onset of neurological illness in patients with variant CJD; another specimen removed nine years before the disease onset was negative. 25 Infectivity in tonsils is therefore likely to be present in asymptomatic carriers of variant CJD. Since at present we have no means of identifying these individuals, a precautionary approach to dealing with the prospects of iatrogenic disease transmission by surgical instruments seems appropriate. 17 Although the numbers of cases studied is small, the results indicate that involvement of dental tissues in variant CJD may not differ from sporadic CJD. 22 This situation is comparable with the failure to detect PrP res in peripheral nerves in variant CJD, 5 despite the fact that PrP res can be detected in dorsal root ganglia and spinal cord. 4 Further studies are required to confirm these preliminary findings, but the difficulties in obtaining consent for autopsy with permission for retention of tissues for research and the technical difficulties involved in acquiring adequate specimens should not be underestimated.
Animal models of prion diseases have also been used to study the routes of neuroinvasion following peripheral exposure to prion agents. 26, 27 These studies have shown that several routes of neuroinvasion are possible, depending on the strain of the agent used, the host species used for the model and the route of inoculation. These models have also demonstrated that centrifugal spread of infectivity from the brain can occur after neuroinvasion has been established. This finding may be relevant to the results presented here, since the identification of PrP res in trigeminal ganglia, but not in the peripheral branches of the nerve in the gum and dental pulp, would be consistent with centrifugal spread from the brain. The same may apply to previous findings in the dorsal root ganglia and peripheral nerves in variant CJD.
Both infectivity and PrP res have both been detected in dental tissues (including salivary gland and tongue) in experimental models of prion diseases; 20, 21, 27, 28 however, these studies have generally employed models where levels of infectivity both in the nervous system and in other tissues are likely to be higher than those encountered in human prion diseases. 29 Accordingly, the relevance of these studies to human diseases can be questioned, but there is a need for more sensitive and specific means of detection of PrP res in human tissues and fluids, which might also allow the development of screening tests for asymptomatic carriers who are incubating variant CJD. Recent studies on animal models have also suggested that the tongue and gingiva might represent site of transmission for prion diseases. 20, 21 A case control study on variant CJD has not yet identified any significant difference between cases and controls in terms of the history of dental surgery and other surgical procedures (Dr H. Ward, personal communication). Our findings will help inform the ongoing risk assessment for exposure of surgical instruments to infectivity in variant CJD. 30, 31 In terms of dental surgery, the most significant infectivity will be encountered in the tonsils (including the pharyngeal, palatine and lingual tonsils). In variant CJD there is also a theoretical risk that blood may also contain PrP res and carry infectivity, but no direct evidence for this is available. 5, 29 However, both BSE and scrapie have recently been transmitted experimentally by blood transfusion in a sheep model. 32 Since the distribution of infectivity in the sheep model of experimental BSE is similar to that in variant CJD, this finding has reinforced concerns about potential infectivity in blood in variant CJD, which have been addressed in various precautionary measures by the national blood authorities in the UK. The significance of prion infectivity in tonsils for dental surgery has been considered in recent reviews; 17, 18, 31 recent measures from the Department of Health to improve standards of cleaning and decontamination of surgical instruments are likely to help reduce these risks, even given the difficulties associated with decontamination in prion disease. 31, 33 The results of ongoing research into means of improving decontamination and cleaning techniques for surgical instruments is awaited with interest, as these are likely not only to help reduce risks of variant CJD transmission, but also the risks of transmission of other infectious agents via surgical instruments. 16, 33 
